Developmental iron deficiency anemia (IDA) causes brain and behavioral deficits in rodent models, which cannot be reversed when treated at periods equivalent to later infancy in humans. This study sought to determine whether earlier Pup growth, development, activity, object recognition, hesitancy, and watermaze performance were evaluated. Regional brain iron was restored by iron treatment. Regional monoamine and metabolite concentrations were elevated in FID-40 rats and reduced in FID-400 and TID rats compared with CN-40 rats. FID-40 offspring had motor delays similar to TID during lactation and FID-400 rats had elevated thigmotaxis similar to TID rats at P25 and P100 in the spatial watermaze. In conclusion, iron treatment at P8 in rats did not normalize all monoamine or behavioral measures after early IDA. Moderate iron treatment improved adult behavior, but higher iron treatment caused brain and behavioral patterns similar to TID in the short and long term.
Introduction
Iron is a cofactor in many central nervous system processes, including monoamine neurotransmitter production, NO metabolism, and oxidative phosphorylation (1) . The need for brain iron is evident given that ;20% of the bodyÕs oxygen consumption consists of mitochondrial respiration in the brain. As such, iron is essential to support the activities of embryonic and dividing neurons, and considerable iron losses during brain development can have deleterious effects (2) (3) (4) (5) (6) . In humans, iron deficiency (ID) 9 and ID anemia (IDA) during infancy lead to developmental delays and poorer cognition, motor performance, and social-affective behavior (7) (8) (9) (10) . Many of these outcomes appear to persist throughout early childhood (7, 11, 12) , adolescence (8) , and into early adulthood (9) despite iron therapy. Overall, these studies provide evidence for the importance of identifying and treating ID and IDA in early life. Similar to humans, pre/perinatal ID in rodents produces deficits in cognition, attention, and affect (3, 13, 14) . Previous rodent studies differed with respect to the timing and duration of ID; however, initiation of ID during the early-fetal, mid-fetal, or lactational periods produced similar behavioral impairments. Animal models of early ID have indicated biochemical and structural abnormalities associated with the observed behavioral deficits, including altered monoamine metabolism (4, (15) (16) (17) (18) (19) , myelin biology (20) , hippocampal dendritic arborization (5, 21) , and hippocampal and striatal metabolome (22, 23) .
There is an ongoing effort to identify critical periods wherein iron treatment can prevent long-term deficits of ID. The literature supports the conclusion that iron repletion at postnatal day (P) 21 (weaning) is too late to correct the behavioral effects of earlier IDA in rats (3, 14, 24, 25) . However, P21 iron intervention does restore brain and peripheral iron concentrations to ironsufficient states despite earlier regional brain iron losses of 20-50%. These findings suggest that iron deprivation during the time of rapid cell differentiation and growth causes irreversible damage even though the brain iron concentration can be normalized postweaning. Iron treatment prior to P21 shows promise in rodent models. Rats with ID beginning at mid-gestation, and that received an iron intervention at P4, had only minor deficits in monoamine metabolism and no altered motor and exploratory behaviors in early adulthood (26) . Failure of iron treatment at or after P8 (equivalent to term newborn period with respect to brain growth) (27) would suggest that efforts should concentrate on prenatal diagnosis and treatment, because the P4 time of treatment, a period of brain growth that likely approximates the third trimester of human pregnancy, provided benefit. However, because fetal ID is difficult to diagnose, it is important to test whether any dosing regimen delivered at P8 can restore brain iron and prevent longterm neurochemical and behavioral deficits.
To date, the timing and duration of ID and IDA and the doses of iron and methods used for treatment in rodents have varied considerably. In recent studies, IDA timing and duration varied from mid-gestation to early lactation (26) and from early gestation through lactation (3, 16) . Most studies administered iron at 0.05-0.20 g/kg via weaning onto iron-adequate diets (4, 26, 28) , transferring deficient pregnant and lactating dams to higher iron-containing diets (22, 29, 30) , oral gavage (31) , and cross-fostering (24) . Regardless of treatment method and iron dose, persistent behavioral and brain deficits were shown with iron treatment beginning after P4. Moreover, treatment with high doses of iron in developing mice causes neurodegeneration and susceptibility to Parkinsonian-like behaviors (31) . These studies show that both the dose and timing of iron treatment are crucial for outcomes following early IDA.
The current study focuses on narrowing the developmental window for iron treatment. The study determined whether treatment at P8 for rats that had ID throughout gestation can prevent the long-term behavioral and neurochemical outcomes, similar to what has been observed with iron intervention at P4. This study also considered the dose of iron that is sufficient but not toxic for repletion. We assessed moderate and higher iron treatment doses that are comparable with the range used to treat infants and children with IDA.
Materials and Methods
Determination of iron concentration in milk. Milk samples were collected on P9, P12, and P15 from a separate group of dams from the main experiment. Pregnant dams were maintained on diets containing one of the following iron concentrations: 0.003 g/kg (n = 4), 0.08 g/kg (n = 4), 0.487 g/kg (n = 6), and 1.323 g/kg (n = 6) from gestational day (G) 5. Iron diets were prepared in our laboratory following the recipe of the AIN-93G diet with cornstarch as the source of carbohydrate and ferric citrate as the iron source (32) . On P9, P12, and P15, dams were isolated from their pups and exposed to light anesthesia (3% isoflurane) for the duration of the procedure. Oxytocin, 20 kU/L solution, was s.c. injected in a dose of 300 mL to stimulate milk production. Milk was collected by manual expression and volumes were recorded. Milk iron content was determined by atomic absorption spectroscopy as described below. The estimated amount of iron consumed by pups at each time point was calculated based on the iron concentration of the milk and daily milk consumption at each age (33) .
Diets, rats, and housing. All purified diets (Harlan Teklad) are a modification of the AIN-76A diet (protein: 17.8% energy, carbohydrate: 70.4% energy, fat: 11.8% energy), with ferric citrate as the iron source where indicated (28, 32) . The diet design is shown in Figure 1 . Female Sprague Dawley rats (Harlan Laboratories), 8 wk of age, were fed a 0.04-g/kg iron diet (Harlan Teklad, TD89300) upon arrival. This concentration of dietary iron is adequate to maintain pregnancy outcomes (34) but not augment maternal iron stores. After 7-10 d, females were mated and conception was documented by vaginal plug presence. At G5, 62 females were randomized to diet group and fed iron diets containing 0.04 or 0.003 g/kg diet (Harlan Teklad, TD80396). Within 24 h of delivery (P1), pups were weighed and litters culled to 10-12 pups, retaining equal gender numbers as much as possible. Litter size ranged from 10 to 16 pups and did not differ between treatments. At P8, all litters were crossfostered. For the control group (CN-40; n = 13 litters), pups from dams receiving 0.04 g/kg diet were cross-fostered to other CN-40 dams. Litters from dams fed the 0.003-g/kg diet were cross-fostered to dams receiving 1 of 3 iron diets: 0.04 g/kg to generate the formerly ID (FID) moderate iron treatment group (FID-40; n = 12 litters), 0.4 g/kg diet (Harlan Teklad, TD02545) to generate the FID higher iron treatment group (FID-400; n = 12 litters), or 0.003 g/kg diet to generate the totally ID group (TID; n = 11 litters). TID dams were fed a 0.01-g/kg diet (Harlan Teklad, TD01094) at P15 to maintain litter viability and TID offspring continued to be fed this diet after weaning (P21). All other offspring received the 0.04-g/kg diet at P21. Rats consumed the diet and deionized distilled water ad libitum and were housed in a temperature-controlled environment (22°C) on a 12-h-light/-dark cycle (lights on 0800 h). All experimental protocols were conducted in accordance with the NIH Animal Care guidelines and were approved by the University of Michigan Institutional Animal Care and Use Committee.
Growth and hematology. Dams were weighed at conception and at 5-d intervals until delivery. Offspring were weighed at delivery, P8, P15, P21, and P100. Brain and liver were weighed after killing (P21 or P100). Hematocrit (HCT) was determined as previously described for dams at delivery, during lactation, and at weaning and for offspring at the time they were killed (16) .
Sampling. For quantitative brain measurements, 1-2 male and female pups were sampled from each litter at P21 and P100. All rats assessed for Early iron deficiency and treatment outcomes 2041 brain measures were also tested for all behavioral measures. Where there was more than one litter-by-sex representative, outcome measures were averaged by sex within litter.
Brain dissection. All rats were perfused as previously described (16) . Brains were removed, hemi-sectioned, and one hemisphere was dissected on ice for frontal cortex, caudate putamen, ventral tegmentumsubstantia nigra (ventral midbrain), hippocampus, and superficial cerebellum. Hemispheres designated for regional assessments (right or left) were equally balanced within diet groups. The regions were weighed and frozen at 280°C.
Iron determination. Brain and milk samples were wet digested according to published procedures and analyzed for iron concentration by atomic absorption spectrometry (25) . All standard curves exceeded r 2 > 0.99.
Regional monoamine concentrations. Regional monoamines and metabolites were analyzed by HPLC as previously described (4) . Dopamine (DA), serotonin (5HT), 3,4-dihydroxyphenylacetic acid (DOPAC), and 5-hydroxyindoleacetic acid (5HIAA) peak areas were integrated using EZ Chrom Elite (Scientific Software) and quantified against known standards. All standard curves exceeded r 2 > 0.98.
DA transporter autoradiography. Radioligand binding for DA transporter (DAT) was performed using [125I]RTI-55 (Perkin Elmer Life Sciences) as previously reported (35) .
Developmental and behavioral assessments Developmental measures. Physical and sensorimotor measures were assessed between 0900 and 1400 h at P9, P12, P15, P18, and P21 for all pups based on LaPointe and Nosal (36) and as described (4, 16, 23) . Performance on the following measures was documented using a 2-point (0-1) or 6-point (0-5) scale (not present to fully present) or percent (i.e., successful limb placements of 10 trials) by a single observer unaware of the diet groups: 1) fur, eye, ear development; 2) auditory startle, unilateral and bilateral forelimb placing; and 3) bar holding, surface righting, and negative geotaxis.
Response to novelty (place or object). Response to novelty was determined as follows: 1) open field (16, 36) : behaviors coded from videotapes of 8-to 20-s trials in the open field (5-8 min inter-trial periods in home cage) at P21 or P75 included: time to leave center, number of rearings, freezing bouts, and sectors entered; 2) hesitancy (3): rats were individually assessed at P75 for time and number of entries into familiar and novel areas from videotapes as previously described; and 3) object and social-odor recognition. Four wooden balls were placed in the home cage overnight for the rats to become familiar with them and so they could take on the home-cage odor. The next day, the rats were removed then individually placed back into the home cage and 4 objects were presented, one at each corner. The objects varied for familiar and novel attributes: 1) shape, i.e., 2.5-cm wooden sphere (familiar) or block (novel); and 2) social odor, i.e., home cage bedding (familiar) or bedding from a different rat (novel). Time in contact with each object and number of snout touches during the testing at P30 (2 min) and P80 (5 min) were coded from videotapes. Different litter representatives were tested at each age.
Spatial watermaze. Rats were tested at P25 or P80-100 as previously described (3) with a subset tested at both ages. Testing consisted of 8 trials/d, 3 d at P25 and up to 12 d (7 d minimum) in adulthood. Latency and path length to reach the platform, percent path in platform quadrant, and percent path thigmotaxis were measured for each trial and averaged for each individual rat daily. The criteria for learning were latency #15 s for $6 of 8 trials, percent of path within platform quadrant $40%, and percent path thigmotaxis #50%. At either 24 h after reaching criteria or 12 d of testing, rats were given a single, 1-min probe trial for percent path in the platform quadrant and thigmotaxis.
Statistics
All data were double-entered and checked for errors. The main independent variables were diet group and sex; for the watermaze, previous training at P25 was considered as a covariate. Brain iron and monoamines were assessed as repeated measures at P21 and P100 and analyzed using repeated-measures ANCOVA. Linear mixed models implemented using proc mixed in SAS were used to analyze these data at the individual rat level. A random effect for litter was included to account for the within-litter correlation. Hematology and weights were compared by diet and sex using ANOVA at each age. Body weight gain during lactation was also assessed by taking the mean of individual weights by litter and sex and comparing by diet group using proc mixed models. All behavioral outcomes for individuals were similarly averaged by sex to give one mean for male and female performance per litter at each age. Object recognition and hesitancy outcomes were compared by diet and sex using ANOVA. Behavioral tests with repeated assessments (developmental milestones, open field, watermaze) were analyzed using repeated measures controlling for sex to capture overall activity. Means were also compared by diet group at each age controlling for sex. For watermaze, ANCOVA was used controlling for sex and previous experience at P25. Only significant diet group or sex differences are reported for overall diet effects. Significance was set at P < 0.05 for all analysis unless specifically noted (e.g., trend levels). Unless otherwise stated, data presented in text and tables are mean 6 SD. Data in figures are presented as mean 6 SE. All analyses compare the means by sex of a minimum of 9-13 litters within each diet group unless otherwise stated.
Results

Milk iron
Milk iron concentrations increased with rising iron concentrations in the maternal diet until the iron concentration reached 0.487 g/kg diet ( Table 1) . There was no difference in milk iron from mothers receiving the 0.487-and 1.323-g/kg diets. Based on the mean daily milk consumption at the corresponding ages (33) , these data translate to a daily iron delivery of 0.001 g/kg for the 0.003-g/kg diet, 0.002-0.003 g/kg for the 0.04-g/kg diet, and 0.006 g/kg for the 0.4-g/kg diet.
Growth and hematology of dams and offspring At G20, body weight was greater for the CN-40 dams (342.9 6 21.4 g) than for the ID dams (320.2 6 31.3 g) (P < 0.05). Weight gain during gestation (G20 to G1) was also greater for CN-40 dams (124.5 6 23.9 g) than for the ID dams (100.7 6 33.6 g) (P < 0.05). HCT was marginally higher for CN-40 (0.39 6 0.04) than ID dams (0.37 6 0.04) at delivery (P = 0.07) and higher for CN-40 (0.47 6 0.03) than ID dams (0.38 6 0.06) at P8 (P < 0.001). For offspring body weights during lactation, there was an effect of day (P < 0.001), diet group (P < 0.005), and day 3 diet group interaction (P < 0.001). At P8, body weight was greater for the CN-40 pups (17.8 6 4.1 g) than for the FID-40 pups (13.8 6 3.5 g) (P < 0.01) and marginally greater than the FID-400 pups (15.3 6 4.3 g) (P < 0.07). At P15, the body weight of CN-40 pups (28.6 6 6.4 g) was greater than that of FID-40 (24.1 6 4.8 g) (P < 0.01) and TID pups (22.6 6 3.3 g) (P < 0.001). Also at P21, CN-40 rats (41.1 6 7.7 g) had greater body weight than FID-40 (36.2 6 7.5 g) (P < 0.01) and TID pups (31.5 6 5.3 g) (P < 0.001). At P21, there was an effect of diet (P < 0.001) and sex (P < 0.02) but no diet 3 sex interaction for whole brain weight ( Table 2) . Whole brain weight for the CN-40 rats was greater than for the TID rats (P < 0.05). Overall, male brains (1.32 6 0.11 g) weighed more than female brains (1.26 6 0.11 g). HCT was greater for all diet groups compared with TID (P < 0.05) ( Table 2) . At P100, there was an effect of diet (P < 0.001), sex (P < 0.001), and a diet 3 sex interaction (P < 0.01) for body weight. CN-40 rats had a greater body weight than TID rats (P < 0.05) ( Table 2 ). There was an effect of diet (P < 0.001) and sex (P < 0.001) but no diet 3 sex interaction for whole brain weight. Males had greater body and brain weights than females in all diet groups (P < 0.001). There was an effect of diet (P < 0.001) but not sex for HCT at P100; TID rat HCT was less than in all other diet groups (P < 0.05) ( Table 2 ).
Brain iron
At both P21 and P100, there was an overall effect of diet group (P < 0.01). At P21, iron concentrations in TID rats were lower than those in CN-40, FID-40, and FID-400 rats in frontal cortex, striatum, and hippocampus (P < 0.05) ( Table 3) . At P100, iron concentrations in TID rats were lower than in CN-40 rats in striatum and midbrain; FID-40 rats in cerebellum, striatum, and midbrain; and FID-400 rats in striatum (P < 0.05) ( Table 3) .
DAT concentration At P21, there was a diet effect (P < 0.02) for DAT ligand concentration in striatum and nucleus accumbens. Striatal DAT levels were lower in TID rats (10.5 6 1.8 fmol [125I]RTI-55/mg tissue (fmol/mg); n = 11) than in FID-400 (12.9 6 2.4 fmol/mg; n = 15) (P < 0.05) and FID-40 rats (13.2 6 0.7 fmol/mg; n = 6) (P < 0.07). In nucleus accumbens, TID DAT levels (8.1 6 1.7 fmol/mg; n = 11) were reduced compared with FID-400 rats (10.6 6 2.3 fmol/mg; n = 15) (P < 0.05). At P100, there was an effect of diet (P < 0.01) in striatum. TID DAT levels (16.4 6 2.7 fmol/mg; n = 13) were lower than FID-400 rats (20.4 6 3.7 fmol/ mg; n = 13) (P < 0.02).
Monoamines and monoamine metabolites
Monoamine and monoamine metabolite patterns varied depending on region, treatment group, and age. In general, FID-40 rats had elevated concentrations compared with FID-400 rats (and CN-40 in some cases) and FID-400 rats were similar to TID rats.
At P21 (Table 4) , DA concentrations were elevated in FID-40 rats compared with TID rats in all brain regions and compared with FID-400 rats in cerebellum, cortex, hippocampus, and midbrain (P < 0.05). Striatal DA concentrations were also greater in FID-40 rats relative to CN-40 rats (P < 0.05). Similarly, DOPAC concentrations were elevated in FID-40 compared with all other diet groups in cortex, striatum, and hippocampus. In almost all cases, DA and DOPAC concentrations did not differ between FID-400 and TID rats. 5HT concentrations were elevated in FID-40 rats compared with FID-400 and TID rats in all regions and with CN-40 rats in cortex, hippocampus, and midbrain (P < 0.05). Elevated 5-HIAA concentrations were observed in hippocampus for CN-40 rats compared with all other diet groups (P < 0.05).
At P100 (Table 5) , striatal DA concentrations were greater in FID-40 compared with all other diet groups (P < 0.05). DOPAC concentrations remained elevated in FID-40 rats compared with all other groups in cerebellum, cortex, hippocampus, and striatum (P < 0.05). 5HT and 5HIAA concentrations also differed by diet group. FID-40 rats showed higher 5HT concentrations than all other diet groups in cortex, hippocampus, striatum, and midbrain (P < 0.05). Similarly, 5HIAA concentrations were elevated in CN-40 rats compared with the other diet groups in hippocampus and midbrain (P < 0.05).
Developmental and behavioral assessments Developmental measures.
Physical measures. There were no significant diet group differences for fur, ear, or eye development.
Auditory startle and forelimb placing. For auditory startle, there was a diet effect (P < 0.03) and CN-40 rats had a greater response than TID rats over time (P < 0.05). CN40 rats had a greater startle response at P12 (P < 0.05) (Fig. 2A) . For vibrissae-elicited forelimb placing, there was also an effect of diet (P < 0.01) and CN-40 rats were greater in this measure than TID rats over time (P < 0.05). CN40 rats had a greater percent placement on P15 and P18 than TID rats (P < 0.05) (Fig. 2B) . For bilateral forelimb placing, there was a diet effect (P < 0.01) and CN-40 rats had better bilateral forelimb placing than TID rats (P < 0.06). Bilateral forelimb placing was greater for CN40 than for TID rats at P9 (P < 0.05) (data not shown). By P21, there were no differences in auditory startle and forelimb placing between diet groups.
Bar holding, surface righting, and negative geotaxis. Overall, there was an effect of diet for bar holding (P < 0.01) (Fig. 2C ) but no diet group differences on post hoc comparisons. For negative geotaxis, there was an effect of diet overall (P < 0.02) (Fig. 2D ) and a post hoc difference for CN40 compared with FID-40 rats over time (P < 0.05). CN-40 rats performed better than FID-40 rats in the bar-holding task at P9, P12, and P15 and on the negative geotaxis task and they also performed Early iron deficiency and treatment outcomes 2043 better than TID rats on P12 and P15. CN40 rats performed better than FID-40 rats for surface righting (data not shown) overall (P < 0.05), for which there was an effect of diet (P < 0.01); however, no significant diet group differences were observed at specific time points. By P21, there were no significant diet group differences.
Response to novelty (place and object). Open field. At P21, there was an effect of diet (P < 0.01) for time to leave the center over all 8 trials (data not shown) that was greater in TID rats than in FID-400 (P < 0.01) and CN-40 rats (P < 0.09). TID rats had a greater mean of all 8 trials for time to leave center (11.0 6 5.1 s) than FID-400 (5.3 6 3.1 s) (P < 0.01), FID-40 (5.0 6 1.1 s) (P < 0.06), and CN-40 rats (4.0 6 0.9 s) (P < 0.08). When time to leave center was considered, there were no significant diet group differences for total sectors entered. Taking the mean of the 8 trials, fewer freezing bouts were observed in TID rats (3.4 6 0.7) than in CN-40 (4.1 6 0.5) and FID-40 rats (4.1 6 0.7) (P < 0.05 for both). There were no significant group differences in rearing.
At P75, there was an effect of diet (P < 0.05), a trend for sex (P < 0.08), and a diet 3 sex interaction (P < 0.03) for time to leave the center at the first trial (data not shown). FID-400 rats (7.6 6 5.1 s) took marginally longer than CN-40 (4.0 6 3.4 s) (P < 0.09) and FID-40 rats (3.7 6 2.9 s) (P < 0.08) to leave the center of the open field. There were no other significant group differences for time to leave center, total sectors entered, rearing, or freezing.
Hesitancy test. There were no significant diet group differences for latency to first entry or total entries into the novel or familiar areas. Overall, TID rats spent more time in the novel area (182.5 6 27.3 s) than CN-40 (151.7 6 24.0 s) (P < 0.03) or FID-40 (149.5 6 26.8 s) (P < 0.02) rats. FID-400 rats did not differ significantly from rats in the other diet groups (170.8 6 31.8 s).
Object recognition. At P30, the number of touches on objects did not differ between CN40 rats and the other diet groups (P > 0.15). There was a significant effect of diet group for time per touch (Fig. 3A) . Time per touch was significantly greater for TID than CN-40 rats for objects that were novel for smell and shape (novel smelling block) and objects with one novel attribute (novel-smelling sphere, familiar-smelling block) (P < 0.05). FID-40 rats also spent less time per touch than TID rats on the familiar-smelling block (P < 0.05). There were no significant diet group differences for the familiar-smelling sphere (i.e., no novel attributes). At P80, there was a diet group effect for total number of object touches (P < 0.01). The total number of touches was greater for TID rats (25.3 6 10.6) than for CN-40 (16.1 6 5.9) (P < 0.01), FID-40 (16.6 6 6.5) (P < 0.01), and FID-400 (17.0 6 6.7) (P < 0.07) rats. Time per touch for TID rats was also less than for CN-40 rats on the novel block and novel sphere (P < 0.05) (Fig. 3B ). There were no significant group differences for the familiar block or sphere.
Spatial watermaze.
P25. Overall, there was a significant effect of diet group for latency to reach the platform (Fig. 4A) . Latency to reach the platform was greater for TID rats than all other groups (P < 0.02). There was also a significant diet effect for percent of path length that was thigmotaxic (Fig. 4B) . The path lengths for TID and FID-400 rats were greater than for the CN-40 and FID-40 rats (P < 0.01). There was a diet effect for percent path in the platform quadrant (P < 0.02). The mean percent path in the platform quadrant (d 1-3) for TID rats (30.4 6 5.0%) was less than that for CN-40 rats (35.0 6 5.0%) (P < 0.03); FID-40 (34.5 6 4.1%) and FID-400 (33.9 6 5.1%) rats did not differ significantly from any other group. P100. Overall, there was an effect of diet group (P < 0.04) and previous experience at P25 (P < 0.01) but no diet 3 previous experience interaction for latency to reach the platform at P100 (Fig. 4C) . Overall, TID rats had longer latencies than FID-40 rats. For the path length to reach the platform, there were effects of group (P < 0.001), sex (P < 0.02), and previous experience at P25 (P < 0.001), but no diet group 3 sex or previous experience interaction. The mean difference for path length from d 1 to 7 for CN-40 rats (2.4 6 3.2 cm) was shorter than for TID (4.7 6 3.4 cm) (P < 0.08) and FID-400 (4.5 6 2.7 cm) (P < 0.08) rats; the FID-40 rats (3.6 6 3.1 cm) did not differ from CN-40 rats.
For percent path thigmotaxis, there was a significant effect of diet (P < 0.001) and previous experience (P < 0.01) but no effect of sex (Fig. 4D) . Over 7 trial days, FID-400 (P < 0.03) and TID rats (P < 0.001) had a greater percent path thigmotaxis than both CN-40 and FID-40 rats. There were no significant differences between diet groups for percent path in the platform quadrant.
In the 1-min probe trial, there was an effect of diet group for percent path thigmotaxis (P < 0.01) but no effect of sex or previous experience. Percent path thigmotaxis was greater in TID rats (57.2 6 28.4%) than in FID-40 (34.7 6 27.4%) (P < 0.02) and CN-40 (37.8 6 20.2%) (P < 0.06) rats. FID-400 rats (50.3 6 21.1%) did not significantly differ from the other groups. There were no significant diet group differences for percent path in the platform quadrant.
Discussion
This study focused on determining the dose of iron, administered at a brain growth period similar to term human birth, that would best ameliorate the long-term neurochemical and behavioral outcomes associated with early ID. Our previous studies on gestational ID in rats demonstrated that a moderate iron dose beginning at P4 was largely successful in treating monoamine abnormalities, but treatment at P21 was too late to recover from early iron losses (3, 16, (24) (25) (26) . In terms of whole brain growth, the P4 time period for rodent brain development is similar to third trimester timing in humans, suggesting that treatment in humans should be focused on the mother rather than the offspring (27) . However, fetal ID is difficult to diagnose and thus, the identification of successful iron treatment strategies at birth or later time points is an important issue. Therefore, we DA, DOPAC, 5HT, and 5HIAA concentrations of CN-40, FID-40, FID-400 , and TID rats at P100 used a treatment model where iron was administered at P8, which is the peak of the brain growth spurt during rat development and is equivalent to the growth trajectory of the brain at human birth (27) . Thus, this time point represents a period of rapid brain growth, which suggests that the impact of exposure to environmental changes (i.e., diet) may be enhanced. Although rat studies have indicated that IDA extending through lactation (P21) can cause permanent developmental changes, only moderate dietary iron doses were used to treat ID in this study (3, 16) . This raises the question of whether higher iron doses would be more effective in treating the brain and behavioral deficits. We therefore administered iron to ID rat pups at P8 at either moderate [0.04 g/kg diet, equivalent to 2-3 mg/(kg Á d)] or higher [0.4 g/kg, equivalent to 6 mg/(kg Á d)] doses. Importantly, both treatments fall within the range of iron used to treat infants and children with IDA. Iron treatment beginning at P8 did restore brain iron, but short-and long-term neurochemical and behavioral changes persisted, with outcome patterns differing by iron dose.
Dietary ID in rodents has long been known to deplete brain iron (2, 15, 37) , and the TID group concentrations in the current study are similar to previous investigations. Iron treatment at moderate (0.04 g/kg) or higher (0.4 g/kg) doses generally normalized iron concentrations at P21 and P100, confirming that the treatments were successful in correcting overall brain iron. Importantly, the high-iron treatment did not elevate brain iron concentrations above the control, which parallels previous studies (38) . Restrictions in iron uptake at the blood brain barrier are thought to prevent a potential iron toxicity in these feeding paradigms (39) . However, we did not investigate earlier time points during lactation or iron localization within specific cell types, leaving open the possibility that iron regulation at the cellular level remains altered despite treatment.
Whereas P4 iron treatment mainly resolved monoamine alterations, P8 treatment appears ineffective at preventing monoamine changes. However, in the previous study, the ID time frame was G15 to P4 compared with G5 to P8 in the current study, which represents a much shorter time frame of ID. Therefore, successful repletion at P4 relative to P8 may be related to the duration and severity of ID experienced by the rats early in life. After P8 treatment, the moderate-and high-irontreated rats had opposing changes in monoamine concentrations relative to CN-40 rats. With moderate iron treatment, DA, 5HT, and DOPAC were elevated in frontal cortex, striatum, and hippocampus at P21 and P100. Rats receiving the higher concentration of dietary iron at P8 had reductions, most notably in 5HT, in these measures in adulthood. It is unclear what mechanisms underlie or explain these opposing findings in a paradigm where factors leading up to the treatment were similar. However, it appears that the ID brain responds differently to the dose of iron available and that its response varies depending on the monoamine and region analyzed. As noted by others (40, 41) , there are regional developmental differences in metabolic demand that may help to explain the monoamine changes observed in the present study.
The decline in neurotransmitter concentrations in rats receiving the high-iron treatment was comparable with that observed with ID (26) . The similar pattern of monoamine losses in TID and FID-400 rats relative to CN-40 rats suggests that treatment with relatively high iron concentrations can be potentially as harmful as insufficient iron. Although regional brain iron concentrations in the high-iron treatment group were similar to CN40 rats in adolescence and adulthood, as stated earlier, we have no indication of how treatment with a higher iron diet following ID may alter the localization or function of iron in the brain. Nonetheless, any impairment in brain iron metabolism can have a significant downstream impact on monoamine metabolism, myelin content, and neuronal architecture and function (2, 5, 22, 23) . In mice, treatment with high doses of iron causes neurodegeneration and a susceptibility to Parkinsonian-like behaviors (31) . The current study revealed monoamine differences and potential dysfunctions that could be consistent with neurodegeneration. Several of the functional behavioral findings in this study also support such an interpretation.
Differences between rats treated with moderate-and highiron doses extended to a subset of the behavioral outcomes. In the present study, patterns of developmental milestone acquisition were similar between FID-40 and TID rats; however, both treatment groups did achieve all milestones by P21. Moreover, in young adulthood, FID-40 rats performed similarly to CN-40 rats despite elevated DA and 5HT concentrations in the FID-40 group. Behavioral assessments, including pharmacological and longer term aging studies, could reveal deficits that may be correlated with these brain monoamine changes. However, the present findings suggest that moderate iron treatment of ID at P8 results in behavioral patterns that are largely similar to controls, at least at the level we assessed them.
Of particular concern is the overlap in performance between the TID and FID-400 rats. Although their acquisition of developmental milestones was similar to CN-40 rats, the performance of the FID-400 group on the spatial watermaze mirrored that of the TID group in adolescence and adulthood. Previous watermaze experience improved but did not eliminate the pattern of higher percent path thigmotaxis. This pattern also appeared to persist in the probe trial, although it did not reach significance. Thigmotaxis path describes the normal prepotent response of many animals in a novel environment. However, its persistence has been suggested to reflect greater anxiousness leading to less cognitive flexibility (42) . Previous studies have shown that thigmotaxis can be modulated by changes in 5HT neurotransmission (43) , suggesting that the deficits in 5HT at P21 and P100 in FID-400 and TID rats may help to explain this behavioral outcome.
A limitation of this study is that the focus on timing and dose of iron treatment precluded our ability to more fully determine the neurochemical and behavioral mechanisms that underlie the findings. However, both timing and dose of iron are important initial questions to address for pediatric practice, because ID and IDA remain common problems during early human development that have long-term neurodevelopmental implications. It has been assumed that the persistence of behavioral and learning deficits despite iron treatment argued for earlier and more aggressive treatment. Yet, the current study suggests that such treatment regimens with doses commonly used in clinical practice do not result in optimal neurologic outcomes. Whether this is due to the rapid developmental time line of the rat resulting in a more prolonged period of brain ID relative to the human or whether there is toxicity of higher dose iron remains to be determined. Clinically, this is an important distinction, because the former would suggest earlier or more rapid repletion, whereas the latter would support a more gradual strategy.
In summary, the P8 moderate-iron treatment appeared to afford the best behavioral outcome in the longer term for early ID rats despite remaining differences in monoamine concentrations. The higher iron treatment, using an iron dose that is within the range used to treat IDA in children, showed monoamine deficits and some behavioral patterns that were similar to TID rats. This study raises important questions about iron-trafficking mechanisms that could lead to such different monoamine and behavioral patterns in animals where the only difference in treatment was the iron dose that the ID brain received.
